Health at birth is predictive of important child outcomes including educational attainment and adult earnings. Hence, economists are increasingly concerned with understanding the impacts of conditions during pregnancy on birth outcomes.
1 One intriguing hypothesis is that stress during pregnancy could have negative effects on the fetus through neuroendocrine changes, changes in immune function, and/or through behavioral channels (Denckel-Schetter, 2011 ). Extreme weather events represent an unpredictable and unusual source of stress during pregnancy.
This paper analyzes the effects of severe storms and hurricanes on birth outcomes in
Texas over the period 1996 to 2008. In principal, hurricanes could also subject pregnant women to other negative conditions including injury, disruptions in the supply of clean water, inadequate access to safe food, exposure to environmental toxins, interruption of healthcare, or crowded conditions in shelters (Callaghan et al. (2007) ). However, in the U.S., with the notable exception of hurricane Katrina, such direct threats to health from hurricanes affect only very small numbers of people. The primary threat to pregnant women in the path of a hurricane is the stress that is generated by the fear of the hurricane, as well as by the property damage and disruption that follows it.
The existing empirical literature on disasters and infant health is generally limited to studies comparing birth outcomes before and after a disaster in the area of occurrence (Glynn et al. (2001) ; Lauderdale (2006) ; Eskenazi et al. (2007) ; Simeonova (2009); Tan et al. (2009) , Eccleston (2011) ). Such comparisons can be problematic if people respond to disasters by moving. For example, if more disadvantaged and less healthy mothers are more likely to be displaced by a disaster (or to have pregnancy losses), then estimates of the adverse effects will be 1 Black, Devereux, and Salvanes (2007) offer some of the most convincing evidence in this regard. See Currie (2011) and Currie (2010, 2011) for surveys of this literature.
biased towards zero due to the positive selection of mothers into the post-disaster sample.
Alternatively, it might be the case that mothers with greater resources in terms of income and education are more likely to be able to move out of a devastated area.
Additionally, many previous studies are based on very small samples and use selfreported measures of stress exposure, which could exacerbate measurement error bias. A third issue is that many previous studies count exposure backwards from the date of birth rather than forwards from the date of conception. Such a procedure could bias the estimated relationship between exposure to the stressful event, gestation, and other outcomes that depend on gestation length. A related issue is that there is a mechanical correlation between length of gestation and the probability of having been exposed to a disaster in the third trimester of pregnancy. Given these issues, the existing literature is limited in its ability to identify the effects of disasters on birth outcomes.
We use a confidential version of all Texas birth records from 1996 to 2008 with information on mothers' names, dates of birth, and residential addresses. This information allows us to link siblings born to the same mother and to identify mothers who were in the path of all major tropical storms and hurricanes using data from the Weather Underground Hurricane
Archive. We compare mothers who lived in the path of the hurricane to those who lived further away, and use mother fixed effects to control for time-invariant maternal characteristics that might be correlated both with residential location and birth outcomes.
Time varying characteristics of mothers may also be important, and one of the most important time varying characteristics may be the mother's residential location. A mother's decision to move between pregnancies may be affected by the hurricane, and thus confound estimates from a maternal fixed effects model. The use of maternal fixed effects may also exacerbate biases due to measurement error. Hence, in order account for both measurement error and for the potential endogeneity of maternal residence, we adopt a maternal fixed effectsinstrumental variables strategy. Our instrument is an indicator for whether the mother would have been close to a hurricane during the current pregnancy had she continued to live in the first location in which we observe her. Since the first location in which we observe her is a fixed characteristic of the mother, the first location itself does not have an independent effect on birth outcomes in models that include maternal fixed effects. This instrument is highly correlated with whether the mother was exposed during her current pregnancy, but should have no independent effect on birth outcomes.
We also adopt two methods for eliminating the mechanical correlation between gestation and exposure probabilities. One is to compute our instrument for the hypothetical case in which each woman had 39 weeks gestation (rather than using her actual gestation length to compute the instrument). The second is to estimate a discrete time hazard model. In contrast to most previous studies, we find little evidence of a relationship between exposure to a stressful event during pregnancy and gestation or birth weight. We do, however, find that mothers living within 30 kilometers of the hurricane path during their third trimester are 60% more likely to have a newborn with abnormal conditions (including meconium aspiration syndrome, and being on a ventilator more than 30 minutes), and 30% more likely to have any complications during labor and/or delivery. These results are extremely robust to different estimation strategies.
We find no placebo effects of exposure to hurricanes three or six months after birth, which provides support for the validity of our identification strategy. We also find little consistent evidence of effects on maternal behaviors including smoking, weight gain, and use of prenatal care that could explain our findings. Further, our results suggest that the effects are not due to changes in medical care which might be associated with the hurricane. We believe therefore, that it may be reasonable to attribute the effects to stress during pregnancy. Our results suggest that the effects of stress on fetal health, while important, may be more subtle than previous research has suggested.
The rest of the paper proceeds as follows. Section I presents a review of the existing literature, while Section II discusses the data, sample, and presents summary statistics. The empirical methods are discussed in detail in Section III, while Section IV presents the main results. Several robustness checks are presented in Section V, and Section VI concludes.
I. Background Literature
In a landmark study that was one of the first to consider the impacts of a natural disaster on pregnant women, Glynn et al. (2001) analyze the effects of the 1994 earthquake in Northridge, California, on 40 women who were pregnant or post-partum at that the time. The authors find that exposure to the earthquake in the first trimester is correlated with shorter gestation length. However, with such a small sample and the lack of a comparison group, these findings require corroboration.
In more recent work, Xiong et al. (2008) consider the effects of exposure to Hurricane Katrina during pregnancy on 300 women in New Orleans and Baton Rouge. The study uses selfreported information on "severe hurricane experiences" which include "walking through floodwaters", "having a loved one die", and "feeling that one's life is in danger", among others, and estimates correlations between having three or more severe hurricane experiences and birth outcomes. They find that women with high hurricane exposure were 3.3 times more likely to have a low-birth-weight baby and 2.3 times more likely to have a preterm baby. However, as other unobserved maternal characteristics may be associated both with the likelihood of severe hurricane exposure and poor birth outcomes, it is difficult to interpret the findings as causal effects.
In another recent study, Tan et al. (2009) analyze the impact of the 2008 earthquake in Wenchuan, China, on birth outcomes. They find that exposure to the earthquake during pregnancy was associated with lower birth weight, lower Apgar scores, and a higher likelihood of a low-birth-weight or preterm birth and birth defects. Yet since the authors employ simple bivariate regressions without controls and essentially compare outcomes before and after the earthquake in two affected counties, their results may suffer from omitted variables bias.
Simeonova (2009) uses data on the universe of all births in the United States over 1968-1988 and takes advantage of the variation in disaster incidence across counties and over time.
She controls for geographic variation in extreme weather events by including county fixed effects and for seasonal effects by including year-by-month interactions. She finds that exposure to a disaster during pregnancy increases the likelihood of a preterm birth by about 1.3%, but this result is not robust across all specifications. The study still may suffer from endogeneity due to women moving in response to a disaster.
Torche (2011) uses a method similar to Simeonova (2009) to study the effects of a major 2005 earthquake in Chile. She uses county-level variation in earthquake intensity and compares birth outcomes in high-and low-intensity counties before and after the earthquake. She finds that high exposure to the earthquake was associated with lower birth weight. However, the study does not contain many of the standard robustness checks associated with difference-in-difference type (such as including specifications with pre-trends and including county-specific time trends), contains only one specification with county fixed effects, and does not cluster the standard errors at the county level. Additionally, endogenous migration in response to the earthquake from highintensity counties may be an issue.
A related literature considers the effects of man-made disasters, such as terrorist attacks, on pregnancy and birth outcomes. Camacho (2008) uses an identification strategy close to ours, and exploits the variation in the number of landmine explosions in Colombia by municipality and quarter over 1998-2003 on births using a maternal fixed effects design. She finds that living near a landmine explosion during pregnancy reduces birth weight by approximately 9 grams.
However, similar to Simeonova (2009) and Torche (2011) , the study does not account for the potential endogeneity of migration between births in response to a landmine explosion.
The September 11 terrorist attacks are also widely studied in this literature. Most of the work on this subject either compares birth outcomes of women who were near the World Trade
Center during their pregnancies with the outcomes of women in other locations (Berkowitz et al. (2003) ; Lipkind et al. (2010) ), or conducts a time-series-type analysis comparing birth outcomes of women pregnant before and after 9/11 (Lederman et al. (2004) ; Eskenazi et al. (2007) , Eccleston (2011)) . A concern with the first set of studies is that the comparison groups likely also suffered from stress due to the September 11 attacks despite living further away, and thus could also have experienced effects on birth outcomes. Some of the latter set of studies may suffer from non-random selection. For example, children borne by mothers who were pregnant during September may have different characteristics than children borne by mothers who were pregnant in other months (Buckles and Hungerman (2008) ). And since women may move (or miscarry) in response to a disaster, one cannot assume that all of the New York City women who were pregnant at the time of the disaster went on to deliver in New York City. 2 Additionally, it is difficult to separate out the effects of stress due to the September 11 attacks from the effects of increased exposure to air toxins and to the effects of any other events occurring during the fall of 2001 in a time-series analysis. The results from this literature are mixed -some studies find adverse effects on birth weight, birth length, gestation, and intrauterine growth restriction (Lederman et al. (2004) ; Berkowitz et al. (2003) ; Eskenazi et al. (2007) , Eccleston (2011) ), while others find no effects on birth outcomes (Lipkind et al. (2010) ). Lauderdale's (2006) work is perhaps the most convincing in the large literature on the September 11 attacks and birth outcomes. Using the universe of California birth records for 2000-2002 with information on mothers' names, the author finds that women with Arab names were 34% more likely to have a low-birth-weight baby and 1.5 times more likely to have a preterm birth in the six months after 9/11 relative to women who gave birth between October 2000 and March 2001. She conducts the analysis separately by race and finds no effects for whites, blacks, Hispanics, Asian/Pacific Islanders, or foreign-born women without Arab names.
The author attributes the effects to stress due to discrimination against individuals of Arabic origin post-9/11. Mansour and Rees (2011) examine the effect of the intensity of the Intifada-related conflict in the West Bank and Gaza to guage the effect of stress during pregnancy on birth outcomes. They find that increases in the number of conflict-related deaths are associated with small increases in the incidence of low birth weight, though they are not entirely able to rule out other channels, such as nutritional deprivation, and cannot measure maternal mobility.
Aside from these studies of exposure to disaster, there is a vast medical literature on the effects of maternal stress during pregnancy. In a literature review of major studies over 1966 , Mulder et al. (2002 report that pregnant women with high stress and anxiety levels are at an increased risk for spontaneous abortion, preterm labor, low birth weight, and for having a malformed or growth-restricted baby. Most of this research is concerned with traumatic events such as the death of an older child or a husband, work load, or self-reported stress levels.
However, these findings cannot be interpreted as causal as they likely suffer from omitted variables bias due to other factors that are correlated both with stress and birth outcomes (for example, poverty or poor health). Also, in more recent studies, the evidence is mixed: Morland et al. (2007) find no relationship between Post-Traumatic Stress Disorder symptoms during pregnancy and birth outcomes in a small sample of women in Hawaii, while Glynn et al. (2008) find that changes in self-reported stress levels during pregnancy are associated with changes in the likelihood of a preterm birth. However, these studies are based on small and nonrepresentative samples of pregnant women and also suffer from concerns about omitted variables.
Aizer, Stroud, and Buka (2009) improve on this literature by examining data from a large study that took measures of the stress hormone cortisol during pregnancy. In maternal fixed effects models, they find that in-utero exposure to cortisol has little effect on birth weight or the probability of low birth weight. Nevertheless, infants exposed to high levels of cortisol during pregnancy have significantly lower schooling attainment and verbal IQ scores and are more likely to have a chronic health condition at age 7. Our results are broadly consistent with this pattern in that we find small effects on birth weight, but significant effects on abnormal conditions of the newborn, which may in turn be linked to poorer outcomes in later life. Overall, the existing literature provides a motivation for finding empirical methods that can address the selection, endogeneity, and exposure timing issues that have plagued previous studies in order to gauge the effects of stressful events during pregnancy on health at birth. We attempt to fill this gap in the literature by analyzing the effects of storms and hurricanes using data from the universe of Texas birth records.
II. Data and Summary Statistics

A. Data on Storms and Hurricanes
Our data on hurricanes and severe storms comes from The Weather Underground Hurricane Archive, a publicly available database of information on all North Atlantic, East
Pacific, Western Pacific, and Indian Ocean storms since 1851. 3 These data include the storm or hurricane name, the total damages caused in millions of dollars, the total number of deaths, and detailed tracking information on the latitude and longitude coordinates of the storm path and the storm type for each day of the storm. 4 We extracted data on the eight hurricanes and tropical storms that hit any part of Texas over 1996-2008 and caused more than $10 million in damages. 
B. Data on Births
We use restricted data from the universe of Texas birth records over 1996-2008 which is available from the Texas Department of State Health Services. The sample is limited to single births with non-missing information on the child's date of birth and the mother's full maiden name, date of birth, birth place, race/ethnicity, and the longitude and latitude coordinates of her residence address (N=4,237,494). We also dropped the 61,420 births with either less than 26 weeks gestation or missing gestation information. This restriction results in dropping about 1 percent of the sample and these births have much worse outcomes than other infants. Siblings are identified using all of the available time-invariant maternal characteristics -full maiden name, date of birth, birth place, and race/ethnicity. The data also have information on each child's exact birth date and the date of the last live birth for each second or higher birth, which we use to check the sibling matches. We drop any birth records that cannot be linked to a sibling using these methods (2,905,633 births). The resulting sibling sample consists of 1,270,441 births.
We calculate the distance to the closest point on the storm path using the longitude and latitude coordinates of the mothers' residential addresses. To create a more homogeneous sample, we keep only sibling births to mothers who ever lived within 100 kilometers of any point along a storm path (regardless of whether or not they were pregnant during the actual storm occurrence). We omit mothers who live in Austin and San Antonio, as both cities are on the 100 kilometer boundary (the results are not sensitive to this exclusion). These selections leave us with a main analysis sample of 485,111 sibling births. We use information on the children's dates of birth, gestation, and the dates of storm occurrences to calculate whether a child was exposed to a hurricane during the 1 st , 2 nd , or 3 rd trimester of the mother's pregnancy in two different ways: Either counting backwards from the time of the birth as many previous studies have done, or counting forwards from the date of conception. grams, and about 5% of these babies are born low-birth-weight (defined as birth weight less than 2,500 grams), and 8% are born premature (defined as gestation less than 37 weeks). In columns 2, 3, and 4 of Table 1 , we split the sample by whether or not the mother ever experienced a hurricane or storm within 30 kilometers of her home during a pregnancy, or by whether she experienced one during the current pregnancy. The most striking difference between mothers near storm paths during pregnancy and other mothers is that they are less likely to be black and more likely to be non-Hispanic white. They are also more likely to be less than 20, less likely to be high school dropouts, and less likely to be married than other mothers. These differences in the raw data point to the importance of controlling for geographical sorting when trying to identify the effects of disasters on birth outcomes. Table 1 shows that there are differences between women who live within 30 km of a hurricane path while pregnant and other pregnant women. A common way to control for selection into areas that are prone to disasters is to include area (such as county or municipality), birth year, and birth month fixed effects. However, while such a method controls for timeinvariant area-specific factors (for example, if areas that are more likely to be hit by a disasters tend to be more disadvantaged), and for overall seasonal effects, there may still be selection within areas in who is affected by disaster. And there may still be geographical sorting in 6 Over 1996-2004, the following abnormal conditions were recorded: assisted ventilation (<30 min, 30+ min), seizures, anemia, fetal alcohol syndrome, meconium aspiration syndrome, hyaline membrane disease, arterial blood gas pH<7.2, and sepsis. Over 1996-2004, the following complications were recorded: moderate/heavy meconium staining of amniotic fluid, premature rupture of membranes, precipitous labor (<3hrs), prolonged labor (>20hrs), breech/malpresentation, labor febrile, abruptio placenta, placenta previa, excessive bleeding, seizures, dysfunctional labor, cord prolapse, cephalopelvic disproportion.
III. Empirical Methods
response to a disaster. Since disasters often lead to dislocation and migration, this issue is potentially important.
To assess the importance of selection on observables in our data, we first examined the relationship between living within 30 kilometers of a storm during pregnancy and maternal characteristics. Specifically, we estimated the following equation using Ordinary Least Squares (OLS):
for each child i, born in year y, month m, with mother in county of residence c. X iymc is a maternal characteristic, such as an indicator for the mother being less than 20 years old, or an indicator for the mother having less than a high school education. If the county, birth month, and birth year fixed effects included in this model control for selection, then we should not expect to see any statistically significant β coefficients. A statistically significant relationship between exposure to a hurricane or a storm and maternal characteristics in this model would suggest that county-level controls are not sufficient to account for selection into storm exposure. The first panel of Appendix Table 1 shows that there are some observable differences between mothers who are exposed to hurricanes, especially in the third trimester, and others. However, the second panel of Appendix Table 1 shows that controlling for county fixed effects does a good job of controlling for these differences.
A second issue is whether some people are more likely to move in response to a hurricane than others. To assess this possibility, we estimated models of the following form:
(2) * * where is the probability that a woman moved more than 5 kilometers between births and is an indicator for whether she was exposed to a hurricane during her first pregnancy.
We used a 5 km cutoff because geocoding is not entirely accurate, and it is possible that some women who stay in the same location will be recorded at slightly different coordinates at different pregnancies. We estimated this model with and without county fixed effects, . The coefficients on the interaction terms, , allow us to assess the importance of differential responses by observable characteristics. Appendix Table 2 suggests that there is some evidence of endogenous mobility: in particular, black mothers and mothers over 45 are less likely to move following a hurricane than others.
Since we do find some evidence of selection in terms of observables, and there may also be selection in terms of unobservable characteristics, we could estimate models with mother fixed effects. This would be an improvement upon a model with area fixed effects, as we would be able to control for all time-invariant unobserved maternal characteristics by comparing children borne by the same mother. In particular, we could estimate: indicator for living within 30km of an area that was ever affected by a storm or a hurricane over the time period of analysis, and the mother fixed effect would be indicated by α k .
In equation (3), the effect of hurricane exposure would be identified using the sample of mothers who had at least one child who was prenatally exposed to a hurricane or storm and one child who was not. These mothers are comprised of two groups: 1) those who always live within 30 kilometers of a storm path and who were pregnant with one child during a hurricane and pregnant with another child at another time, and 2) those who move between pregnancies and live within 30 kilometers of a storm path during one pregnancy but not the other. Clearly, the decision of whether to move (or not) between pregnancies could be a response to hurricane exposure.
The inclusion of mother fixed effects controls for unobserved fixed characteristics of the mother, but does not address the endogeneity of changes in mother's residential location.
Suppose for example, that a mother's initial residential location had unobserved characteristics that caused better pregnancy outcomes, such as excellent social support. Further suppose that she is subjected to a hurricane during the first pregnancy, and that other things being equal, hurricane exposure causes worse pregnancy outcomes. In this example, the estimated effects of hurricanes would be biased towards zero in an Ordinary Least Squares model only if places with hurricanes had better unobserved attributes on average.
However, in a fixed effects model, changes in residential location and changes in hurricane exposure matter. Suppose a mother experiences a hurricane in pregnancy 1, moves to a new location that is worse in terms of unobservables, and does not experience a hurricane in the new location. In this situation, the estimated effect of experiencing a hurricane during pregnancy 1 will be biased towards zero because the outcome of pregnancy 1 will be compared to the outcome of pregnancy 2, in which the woman did not experience a hurricane but was residing in a suboptimal location.
To take a second example, suppose a mother did not experience a hurricane during pregnancy 1, but still chose to move to a new location in pregnancy 2. Let us assume that on average, mothers who make this choice are moving to places with better unobserved characteristics. If the mother experiences a hurricane during pregnancy 2, the effects of the hurricane will again be under-estimated because the effect of the hurricane will be conflated with the effect of having moved to the better location.
A second difficulty with the maternal fixed effects model is that the estimates may be biased by measurement error. In particular, if some mothers who were residing in a location affected by a hurricane are displaced, they may report a new residential location at the time of their child's birth, in which case we would systematically miss their hurricane exposure. In this case, there could be large changes in outcomes in cases with no apparent change in hurricane exposure, which would bias our estimates of the effects of hurricanes towards zero.
In order to deal with the endogeneity of maternal location and with measurement error, The idea is that while the mother's current pregnancy residence is potentially endogenous, her residence during her first pregnancy is controlled for by the inclusion of mother fixed effects. Exposure to the hurricane is then identified only by the timing of natural disaster occurrences, which should be exogenous to any particular mother. Thus, the instruments A final problem we address has to do with whether one should measure exposure backwards from the date of birth, or forwards from the date of conception. If all children had nine months of gestation, then this distinction would not matter. However, as discussed above, 8% of sample children are born prematurely. For premature infants, counting backwards nine months will increase the probability that they are measured as being exposed during the first and the third trimesters, and will induce measurement error into the assignment of exposure in the second trimester.
In individual-level data where gestation length is available, researchers are able to correctly infer whether an infant was exposed at some point during the pregnancy whether they count forward or backwards. But counting backwards will still assign exposure to the wrong trimester. For example, suppose an infant was born at 7 months gestation on Sept. 30, and was exposed to a hurricane in utero on July 31 st . This infant was exposed in the second trimester, but a researcher counting backwards will incorrectly measure them as having been exposed in the third trimester. Similarly, suppose an infant is born on Dec. 31 st after 7 months gestation, and was exposed to a hurricane in utero on July 31 st . This infant was conceived in early June, and so was exposed to a hurricane in the first trimester. But a researcher counting backwards will incorrectly assign exposure to the second trimester. Hence, counting backwards will make it difficult to determine whether the effects of stress during a particular trimester are greater than the effects of stress during any other, even when gestation is correctly measured.
Counting forwards from conception does not completely overcome another problem, which is that children who have longer gestations are mechanically more likely to be exposed to a hurricane at some point during the pregnancy. In turn, children with longer gestations are likely to have higher birth weight and better outcomes.
We address this mechanical correlation in two ways. First, we modify our procedure for constructing the instrumental variables slightly, and construct measures of the exposure that would have occurred during each pregnancy if the woman had stayed in the same place as we first observe her and each pregnancy had lasted exactly 39 weeks. These instruments are not affected either by endogenous mobility or by gestation length and can be used to correct for both problems.
For the sake of comparison, we adopt a second procedure, which is to estimate a discrete time hazard model similar to that employed in Currie and Neidell (2005) . We treat each infant as though he or she contributed one observation to the sample for each month of the last trimester of pregnancy (recall that we are including only pregnancies that last at least 26 weeks, which is the vast majority of pregnancies). For example, an infant born in the 7 th month has one observation, an infant born in the 8 th month gets two observations, and an infant born in the 9 th month gets three. An outcome such as premature birth is coded as a 1 if it happened in that month and a zero otherwise. The non-time-varying characteristics are the same for each observation, while indicator variables for whether they were exposed to a hurricane vary over time. We also include a dummy variable for each month of the last trimester. This procedure is simple to implement in our fixed effects-IV framework and is asymptotically equivalent to estimating a continuous time hazard model. Following the discussion above, the instruments are defined with reference to whether there was a hurricane in the relevant time period within 30km of the place that we first observe the mother. The standard errors are clustered at the mother level. Table 2 presents OLS and IV-mother fixed effects models of the effects of hurricane exposure on birth outcomes. Following much of the literature, the first two panels show models in which exposure is calculated by counting backwards from the date of the birth. The OLS models shown in the first panel suggest that exposure during the 3 rd trimester of pregnancy is associated with lower birth weight and gestation, higher probabilities of low birth weight and prematurity, and also with increased probabilities of abnormal conditions and complications of labor and delivery. There seems to be little effect of earlier exposure, with the exception of a positive effect of exposure in the first trimester on the probability of C-section.
IV. Results
The second panel of Table 2 shows fixed effects estimates that instrument hurricane exposure using the exposure the woman would have experienced had she stayed in the location where we first observed her, and using actual gestation. In these models, the effects on birth weight are no longer statistically significant, though the point estimates still suggest negative effects of exposure. The estimates suggest that exposure in the 3 rd trimester significantly increases the probability of prematurity, induced labor, abnormal conditions of the newborn, and complications of labor and delivery. In this model, first trimester exposure is also estimated to lead to an increase in abnormal conditions of the newborn. The results are almost identical if we estimate separate models for exposure during each trimester (results available upon request).
The third panel of Table 2 shows models in which exposure in each trimester is assigned correctly; that is, counting forward from the date of conception. The estimated effects of exposure on outcomes are quite similar for induced labor, abnormal conditions of the newborn, and complications of labor and delivery. However, now there appears to be a positive association between gestation and exposure in the third trimester. This correlation is most likely driven by the fact that children with longer gestations have a longer time in which they could be exposed.
In Table 3 , we address this mechanical correlation problem by modifying our instrument as described above, and by estimating discrete time hazard models. The estimates obtained by these two approaches are remarkably similar, as shown in the first and second panels of Table 3 .
There is no longer any significant effect of exposure on birth weight, gestation, or whether the child is "small for gestational age" (fifth column). However, exposure in the third trimester is associated with increases in the probability that labor is induced, abnormal conditions of the newborn, and complications of labor and delivery. Exposure in the first trimester is also associated with increases in abnormal conditions, while exposure in the second trimester is associated with an increased probability of C-section. The first stage regressions corresponding to the first panel estimates are shown in Appendix Table 3 . Clearly the instruments are quite predictive.
The last two panels of Table 3 show models that consider exposure over the entire pregnancy (rather than by trimester). These models confirm that exposure increases the probability of abnormal conditions of the newborn and of complications of labor and delivery. Table 4 presents "placebo tests" in which we examine the "effect" of hurricanes after the birth on outcomes. Events after the birth can have no causal effect on birth outcomes, but if the estimated effects of hurricanes during pregnancy reflected an omitted variable, then we might well find significant estimates in these placebo regressions. We show estimates of the hazard models only (since differences in gestation have no effect on the probability of being exposed three to six months after childbirth). Table 4 confirms that we find no effects of hurricanes after the birth on any of our outcomes.
The estimates so far suggest that hurricanes during pregnancy have significant effects on abnormal conditions of the newborn and on complications of labor and delivery, as well as induction and C-sections. In contrast, the estimated effects on prematurity and birth weight are sensitive to the way that gestation is measured, and the only statistically significant effects are driven by a mechanical correlation between length of the pregnancy and the probability of being exposed.
One question that arises is whether the effects that we find on complications and abnormal conditions are driven by events that took place at the time of the birth. For example, if a hurricane disrupted medical services, then it is possible that this might have an adverse effect on the delivery and on the condition of the newborn.
This possibility is investigated in Table 5 . In the first 4 columns of Table 5 , we focus on whether a hurricane took place in the last month of the pregnancy. A hurricane in the last month significantly increases the probability of complications of labor and delivery -hence, labor does seem to be disrupted. But there is no significant impact on abnormal conditions of the newborn, suggesting that the complications are not necessarily having adverse effects on newborn health. Similarly, we find no effect on the probability that the birth was a C-section, or that it was induced.
The last two columns of Table 5 show estimates of models similar to those in Table 3 for abnormal conditions and complications of labor and delivery except that we also control for whether labor was induced. The estimates are remarkably similar to those shown in Table 3 .
These results suggest that the estimated effects of hurricanes on abnormal conditions of the newborn do not appear to be driven by disruptions or changes in the medical care obtained during labor and delivery.
Given that we find a very robust effect of hurricane exposure on complications of labor and delivery and abnormal conditions of the newborn, it is worth looking further and examining the specific types of conditions that are affected. Table 6 investigates the effects of a hurricane during pregnancy on specific abnormal conditions and complications. The estimates suggest that hurricane exposure has a significant effect on meconium staining of amniotic fluid during delivery, which in turn leads to a higher probability that the baby will breathe in meconium and suffer from meconium aspiration syndrome. Meconium release is related to fetal distress. We also find that newborns exposed in either the first or the second trimester are more likely to be on assisted ventilation for longer than 30 minutes. Babies exposed during the first trimester are also more likely to suffer from dysfunctional labor, and arterial blood gas pH less than 7.2. This latter condition is an indicator of inadequate respiratory function. Babies exposed during the third trimester have a higher probability of breech presentation, which is sometimes caused by inadequate or excessive levels of amniotic fluid. Finally, we find a negative effect of exposure in the second trimester on the probability of receiving any assisted ventilation although exposure in the second trimester has no effect on the probability of receiving ventilation more than 30
minutes. This result might reflect some rationing of ventilation to infants with less severe respiratory problems in the wake of a hurricane.
7 Table 7 turns to an investigation of behavioral mechanisms that might underlie our results. It is possible that exposure to hurricanes affects birth outcomes by altering maternal behavior. For example, mothers experiencing the stress of hurricane may smoke more or have negative changes in their diets. Their receipt of prenatal care may also be disrupted. However, Table 7 does not show evidence of changes in behavior that would explain our results. Women exposed in the first trimester are less likely to gain an excessive amount of weight or to have inadequate prenatal care. Women exposed in the second trimester are more likely to smoke, but exposure in this trimester was not associated with a higher probability of adverse outcomes (other than C-section). 7 We also estimated models for hyaline membrane disease, but did not find any statistically significant effects.
V. Robustness
The estimated effects of hurricane exposure on abnormal conditions are robust to numerous changes in specification. In the first panel of Appendix Table 4 , we show estimates from models using our "full term gestation" instrument, and exclude mothers living in large cities Houston and Dallas. These estimates can be compared to those in the first panel of Table   3 . While this exclusion cuts the sample size significantly, we still estimate that exposure in the first or third trimesters of pregnancy increases the probability of abnormal conditions of the newborn, and in fact the point estimate is somewhat larger than in Table 3 . In contrast, the point estimate on complications of labor and delivery is somewhat reduced in magnitude by this exclusion, and is no longer statistically significant. Moreover, there are no longer any statistically significant effects on inducement or the probability of a c-section. One possible interpretation of these results is that in large cities, labor and delivery is disrupted by hurricanes but that in rural areas (where women travel larger distances to get to a provider in any case) a local disaster is actually less disruptive to maternity care.
In the second panel of Appendix Table 4 , we ask whether the estimates we have presented are driven by mothers with pregnancy risk factors such as high blood pressure, diabetes, or previous pre-term deliveries. When we drop mothers with these known risk factors, we find similar estimates to those reported in the first panel of Table 3 , suggesting that hurricanes have harmful effects whether or not the mother has known risk factors. In fact, we also find a marginally significant positive effect of exposure in the third trimester on the probability of low birth weight in the population of women without risk factors.
Appendix We do not find that this makes much of a difference in terms of abnormal conditions of the newborn or complications of labor and delivery. However, women with these services available are less likely to be induced in the wake of a hurricane suggesting that WIC clinics may be helpful in re-routing women whose maternity care is disrupted to alternative providers.
In models that are not shown, we also asked whether the effects of hurricanes were larger for disadvantaged mothers. We split the sample and considered mothers who were unmarried, less than 20, or without a high school education during any of their pregnancies as "disadvantaged". These estimates were not generally significantly different than those presented in the main results. We also investigated interactions between hurricane exposure and race, gender, and birth order. We found no conclusive evidence that the effects differed with these characteristics.
VI. Conclusions
There is a growing literature suggesting that stressful events in pregnancy can have negative effects on birth outcomes. Some of the estimates in this literature may be affected by small samples, omitted variables, endogenous mobility in response to disasters, and errors in the measurement of gestation, as well as by a mechanical correlation between longer gestations and the probability of having been exposed. We use a large-scale individual-level data set from
Texas in which we can measure gestation and outcomes reasonably precisely and follow the same mother over time; and we suggest estimation methods that correct for omitted unobserved fixed characteristics of the mother, endogenous moving in response to storms, and the above mentioned correlation between gestation length and exposure.
We show that if we followed techniques commonly used in the literature, we would conclude that exposure to hurricanes in the third trimester has a significant negative effect on birth weight and gestation. In contrast, our methods suggest that exposure has no significant effect on these outcomes.
We do find that exposure to a hurricane during pregnancy increases the probability of complications of labor and delivery, and of abnormal conditions of the newborn. Some of the increased probability of complications may be due to disruption of labor and delivery -we find some evidence, for example, that women exposed to hurricanes in the last trimester are more likely to be induced and that those exposed in the second trimester are more likely to have Csections.
However, the increase in abnormal conditions of the newborn is not explained either by the increased probability of being induced or by events in the last month of the pregnancy.
Indeed, hurricane exposure in the first trimester of pregnancy is estimated to increase the probability of several important abnormal conditions such as being on a ventilator more than 30 minutes and meconium aspiration syndrome.
Similarly, we find little evidence that the increases in abnormal conditions and complications that are associated with exposure in the first and third trimester are caused by changes in maternal behavior; although we find that exposure in the second trimester is associated with an increased probability that the mother smoked during pregnancy, exposure in the second trimester is not associated with significant increases in adverse birth outcomes.
Although we do not directly measure stress, our results are supportive of the idea that stressful events such as disasters in pregnancy can damage the health of the fetus. However, the effects may be subtle and not readily apparent in terms of widely-used metrics such as birth weight and gestation. Notes: The sample is the universe of singleton sibling births with gestation >26 weeks in Texas between 1996-2008 whose mothers lived within 100km of areas that were ever struck by a storm or hurricane over this period. Mothers who live in Austin and San Antonio (both at the 100km boundary) are omitted. There were 8 hurricanes or storms (>40mph windspeed and >$10 million in property damages) over 1996-2008. Births to mothers who have at most one child with non-missing gestation or birth weight data are omitted from the sample.
For 1996-2004 variables, births to mothers who have at most one child with non-missing data for any abnormal condition or complications from labor/delivery are also omitted (183,428 births). The total sample sizes for variables about maternal pregnancy behavior (smoking, number cigarettes, weight gain, and prenatal care) and characteristics of delivery (c-section, induced labor) range from 439,837 to 483,354. Timing of exposure is calculated using information on the child's birth date and child's gestation length (in weeks) to calculate approximate date of conception. <20, 20-24, 25-34, 35-44, 45+ ), mother's education (<HS, HS, some college, college+, missing), mother's marital status (married, not married, marital status missing), birth order, as well as conception year, conception month, and county fixed effects, and an indicator for living within 30km of an area that was ever affected by a storm or hurricane over the time period of analysis. Robust standard errors in Panel A are clustered on the county level. Panels B and C present results from regressions with mother fixed effects where the key coefficients of interest are instrumented by indicators for a storm/hurricane at the time of the current pregnancy within a 30km radius of the mother's first pregnancy residence. These regressions include time-varying controls for mother's age, mother's education, mother's marital status, birth order, as well as conception year and conception month fixed effects, and an indicator for living within 30km of an area that was ever affected by a storm or hurricane over the time period of analysis. Robust standard errors are clustered on the mother. Table 1 for information on the sample. In the hazard models, each child has a unique observation for each trimester. Exposure to the hurricane is calculated by considering trimesters from the time of conception. Panels A and C present results from regressions with mother fixed effects where the key coefficients of interest are instrumented by indicators for a storm/hurricane at the time of the current pregnancy assuming a 39-week gestation period within a 30km radius of the mother's first pregnancy residence.
In panels B and D, each child has a unique observation for each month of the 3rd trimester until the time of birth (i.e., children born in the 7th month of pregnancy have one observation, children born in the 8th month of pregnancy have 2 observations, and children born in the 9th month of pregnancy have 3 observations). Exposure to the hurricane is calculated by considering trimesters from the time of conception (estimated using the child's birth date and gestation length). Exposure in the 3rd trimester is measured on a monthly level. The regressions include mother fixed effects and the key coefficients of interest are instrumented by indicators for a storm/hurricane at the time of the current pregnancy within a 30km radius of the mother's first pregnancy residence. All regressions include time-varying controls for mother's age, education, and marital status, as well as child's birth order, conception year and conception month, and an indicator for living within 30km of an area that was ever affected by a storm or hurricane over the time period. Robust standard errors are clustered on the mother. Significance levels: +p<0.10 **p<0.05 ***p<0.001 Tables 1 and 3 for information about the sample, the storms and hurricanes, and the estimation methods and controls. For each outcome, births by mothers who have at most one child with non-missing data for that outcome are omitted. All regressions include controls for mother's age, education, marital status, and child's birth order, conception year and conception month, and (where applicable) fixed effects for each month of the 3rd trimester, and an indicator for living within 30km of an area that was ever affected by a storm or hurricane over the time period of analysis. Robust standard errors are clustered on the mother. Significance levels: ** p<0.05 ***p<0.001 Tables 1 and 3 for information about the sample, the storms and hurricanes, and the estimation methods and controls. For each outcome, births by mothers who have at most one child with non-missing data for that outcome are omitted. 
D. IV with Mother Fixed Effects
